ingle or repeated episodes of ischemia and reper-S fusion dramatically limit infarct size of myocardium caused by subsequent prolonged periods of ischemia.1 This phenomenon has been documented in a variety of experimental animals1-5 and has been called "ischemic preconditioning." Preconditioning also suppresses arrhythmias induced by ischemia or reperfusion6,7 and slows myocardial energy metabolism.' Although the precise biochemical mechanism responsible for preconditioning is unknown, Liu et Preconditioned rabbits received two repeated 5-minute occlusions of the circumflex coronary artery followed by 5-minute reperfusion. Sustained ischemia was then induced for 10, 20, and 60 minutes. Control animals did not undergo coronary occlusion and reperfusion before sustained ischemia.
In an additional study, 10 p£g/kg of pertussis toxin was suspended in phosphate-buffered saline (pH 7.4) and administered intravenously 48 hours before surgery. Both control (n=8) and preconditioned (n=10) rabbits in this study received 20 minutes of sustained ischemia. Surgical and biochemical procedures were identical to those described above.
After the surgical procedure, the heart was quickly excised and perfused with iced saline. The free wall of the right ventricle was removed, and the left ventricle was then divided transmurally into the previously demarcated ischemic and nonischemic regions. They [32P]ADP-Ribosylation
To confirm the effectiveness of intravenous pertussis toxin, the ability of the toxin to catalyze ADP-ribosylation of guanine nucleotide-binding protein was examined in vitro with sarcolemmal fractions prepared from the heart treated with the toxin. 20 minutes of sustained ischemia compared with nontreated animals. However, within pertussis toxin-pretreated rabbits, the mean arterial pressure, heart rate, and pressure-rate products did not differ between control and preconditioned animals. The time courses of ischemic changes in ,B-adrenergic receptor density (Bm.) and affinity (Kd) are summarized in Table 2 . The ratio of Bm. in the ischemic region relative to that in the nonischemic region decreased rapidly during the first 10 minutes of sustained ischemia. The decrease persisted after 20 or 60 minutes of coronary occlusion (Fig 1) . The (Fig 2) . The lyzed the incorporation of only 0.28+0.03 and 0.21±0.02 pmol ADP-ribose/mg protein in membranes prepared from the nonischemic and ischemic regions, respectively. Similarly, in preconditioned rabbit hearts (n= 10), membranes incorporated 0.28±0.03 and 0.27±0.02 pmol ADP-ribose/mg protein in the nonischemic and ischemic regions, respectively. These results indicate that intravenous administration of 10 ,g/kg of pertussis toxin effectively blocked the function of G proteins.
In vivo treatment of pertussis toxin did not change basal (from 650±83 to 697±73 pmol minm mg protein-1), isoproterenol-stimulated (from 1722±204 to 1834±192 pmol * min`. mg protein-'), GppNHp-stimulated (from 1111±134 to 1253±119 pmol min`. mg protein-'), sodium fluoride-stimulated (from 4099±451 to 3733±327 pmol min`. mg protein-'), and forskolin-stimulated (from 14 096±1789 to 14 570±1090 pmol* min`. mg protein-') adenylate cyclase activities in the nonischemic region of control rabbits compared with the same region of the nontreated animals. Twenty minutes of myocardial ischemia decreased these activities in the ischemic region. However, there were no significant differences between control and preconditioned rabbit hearts in the ischemia-induced reductions of basal, isoproterenol-stimulated, GppNHp-stimulated, sodium fluoride-stimulated, or forskolin-stimulated maximal adenylate cyclase activities after 20 minutes of sustained ischemia (Table 5) .
Purification ofAdenylate Cyclase and Gs Activity
The relative purity of the sarcolemmal membranes (the ratio of adenylate cyclase or G, activities in the sarcolemmal fraction to these activities in the homogenate fraction) was studied in six other rabbits that had received 20 minutes of coronary occlusion and six others that had undergone preconditioning before 20 minutes of sustained ischemia. Table 6 shows the basal and forskolin-stimulated adenylate cyclase activities and G, activity measured in crude homogenate and sarcolemmal fractions prepared from these experiments. In control and preconditioned rabbits, there were no differences in these activities assayed from the homogenate between nonischemic and ischemic regions. By contrast, adenylate cyclase activity and G, activity assayed from the sarcolemma were lower in the ischemic region than in the nonischemic region. Accordingly, the relative purification for ischemic sarcolemma was generally less than for nonischemic sarcolemma. In membrane preparations of this study, there were no differences in sarcolemmal protein yields between nonischemic and ischemic regions of control and preconditioned hearts ( (Table 7) . Ischemia reduced the activity of Na+,K+-ATPase after 10 to 60 minutes of coronary occlusion. Preconditioning preserved the ischemia-induced decrease in Na+,K+-ATPase activity after 10 and 20 minutes of continuous ischemia, but it did not affect the decrease induced by 60 minutes of sustained ischemia. The preconditioning-induced preservation after 20 ours is not clear. It may be ascribed to differences in the duration of ischemia, whether reperfusion intervened, the use of conscious versus anesthetized animals, and perhaps species differences. Our findings demonstrate that a decrease in basal adenylate cyclase activity with isoproterenol-stimulated, sodium fluoride-stimulated, GppNHp-stimulated, and forskolin-stimulated maximal activities after prolonged myocardial ischemia is in agreement with previous studies by others. [21] [22] [23] [24] [25] In addition, these decreases in global adenylate cyclase activities are accompanied by a diminution of the functional activity of GQ. Susanni and associates25 observed similar findings after 1 hour of ischemia in a conscious canine model, although the ,8-adrenergic receptor numbers increased in their study. Our study reveals that desensitization of 3-adrenergic signal transduction during ischemia may be caused not only by decreases in the number of 13-adrenergic receptors but also by decreases in the functional activities of G, and of the catalytic unit of the enzyme in anesthetized rabbit hearts.
Effect of Preconditioning on f3-Adrenergic Signal Transduction
Ischemic preconditioning protects the myocardium during subsequent sustained ischemic insults. The protective effects of preconditioning include a delay of ischemic cell injury,' suppression of life-threatening ventricular arrhythmias induced by ischemia or reperfusion,634 and improvement of regional wall motion abnormalities after reperfusion. 35 To the best of our knowledge, this is the first report describing the effects of ischemic preconditioning on ischemia-induced changes in the j-adrenergic receptoradenylate cyclase system. Preconditioning did not affect ischemia-induced decreases in the number of 83-adrenergic receptors within the ischemic regions of the rabbit heart. Nevertheless, it significantly preserved the activity of the enzyme up to at least 20 minutes of sustained myocardial ischemia. In our study, GppNHp and sodium fluoride-stimulated maximal adenylate cyclase activities are preserved in the preconditioned heart after 10 to 20 minutes of sustained myocardial ischemia. Moreover, cAMP production of S49 lymphoma cyc-cell membrane reconstituted with the sarcolemmal fraction prepared from the preconditioned rabbit heart is relatively enhanced compared with that prepared from the control heart. These observations suggest that the functional activity of Gs is greater in the preconditioned heart than in the control heart. Forskolin-stimulated adenylate cyclase activity is relatively greater in the preconditioned heart, suggesting a more enhanced activity of the catalytic unit of the enzyme. In this situation, it is possible that the 13-adrenergic stimulus is amplified substantially at the level distal to the receptors in the preconditioned heart.
The biochemical mechanism responsible for preconditioning remains controversial. However, it has become increasingly evident that adenosine may play an important role in the cardioprotective effects of preconditioning. Kitakaze et a136 have recently shown a marked increase in the production of adenosine in the preconditioned myocardium. Liu 88% . In addition, the preliminary study in this laboratory revealed that this dose of pertussis toxin significantly attenuated the reduction of heart rate due to intravenous administration of N6-1-(phenyl-2R-isopropyl)adenosine, an A, adenosine receptor agonist, from 39+1% in the nontreated heart (n=10) to 23±3% in the treated heart (n=6) (P<.001). These findings indicate that the function of Gi is apparently blocked. In these situations, the relatively preserved adenylate cyclase activity (Table 5) and Na+,K+-ATPase activity (Table 7) in the preconditioned heart compared with the control heart were abolished. This observation supports the concept that Gi mediates, at 
